Background Metabolic reprogramming in gastric cancer (GC) involves not only an alteration of glucose metabolism, but also of insulin receptor (IR) expression. We investigated if (1) GCs express the IR in cancer cells (CC-IR) and vasculature (VIR), (2) IR expression is clinically relevant and may be a novel target of GC treatment. Methods 467 primary GCs were studied by immunohistochemistry using an IR-specific antibody. CD31-immunostaining ensured the presence of representative intratumoral microvasculature. VIR, and membranous and cytoplasmic CC-IR (mCC-IR, cCC-IR) were evaluated using a modified HistoScore (HScore) and subsequently dichotomized into low or high IR expressions. The IR status was correlated with clinico-pathological patient characteristics, including survival and HER2 status. Results VIR, mCC-IR, and cCC-IR (HScore > 0) were found in 97.0%, 87.6%, and 95.7% of all GCs. After dichotomization of the HScores, 50.7, 48.8, and 50.3% were classified as VIR-high, mCC-IR-high, and cCC-IR-high, respectively. IR was associated with the Laurén phenotype, tumor localization, local tumor growth, vascular invasion, perineural invasion, tumor budding, mucin phenotype, UICC stage, worse survival, and the HER2 status. On multivariate analysis, VIR status was an independent prognosticator of overall (p = 0.010) and tumor-specific (p = 0.006) patient survival. Conclusions VIR and CC-IR expressions are frequent in GC, biologically significant and even correlate with the HER2 status, opening avenues for novel putative therapeutic interventions in GC.
Background
The hallmarks of cancer enclose six biological capabilities, i.e., sustained proliferative signaling, evasion of growth suppressors, resistance to cell death, replicative immortality, angiogenesis, and activation of invasion and metastasis. In 2011, Hanahan and Weinberg amended their hallmarks and added, e.g., reprogramming of energy metabolism [1] . Metabolic reprogramming could also be regarded as an underlying concept in gastric cancer (GC) [2] : one cornerstone of metabolic reprogramming comprises an increased glucose uptake and metabolism in cancer cells [2] , which is utilized in PET imaging [3] . Barely studied for GC until now, metabolic reprogramming also involves an altered expression of the insulin receptor (IR).
The IR is a transmembrane receptor of the receptor tyrosine class, which is located at the cell surface and in cytoplasmic vesicles. It co-governs energy regulation and stimulates proliferation [4] . The two isoforms of the IR convey different functionalities: metabolic effects are exerted via isoform B (IR-B) [4] . IR-B preferentially binds insulin. The isoform A (IR-A) is overexpressed in cancer, and provides mitogenic and proliferative effects [4] . The IR-A binds insulin and IGF-II. An increased expression of the IR in cancer cells (CC-IR) has been described in renal, colorectal, breast, lung, thyroid, and ovarian cancers [4] : interestingly, in renal cancer, CC-IR was found to be associated with a prolonged disease-free and overall survival [5] . In breast cancer, the correlation between CC-IR and patient survival led to opposing results [6, 7] . In non-small cell lung cancer, the expression of IR in tumor cells was associated with poor patient outcome [8] .
In this study, we tested the following hypotheses: (1) GCs express the IR in tumor cells (CC-IR) and tumor vasculature (VIR). ( 2) The expression of the IR is biologically relevant and may provide a novel target of GC treatment.
Methods

Study population and histology
From the archive of the Institute of Pathology, University Hospital Schleswig-Holstein, Kiel, we sought all patients who had undergone either total or partial gastrectomy for adenocarcinoma of the stomach or esophago-gastric junction between 1997 and 2009. All tissue samples originated from routine therapeutic surgeries, for all of which the patients had given written informed consent. Ethical approval was obtained from the local ethical review board (D 453/10 and D 468/17) of the University Hospital Schleswig-Holstein, Kiel, Germany, which permitted us to use the samples from those patients who had also given written informed consent for a prospective scientific use of their patient material. All patient data were pseudonymized after study inclusion. The following patient characteristics were retrieved: type of surgery, age at diagnosis, gender, tumor size, tumor localization, tumor type, depth of invasion, number of lymph nodes resected, and number of lymph nodes with metastases. Patients were included if an adenocarcinoma of the stomach or esophago-gastric junction was histologically confirmed. Exclusion criteria were defined as (1) histology identified a tumor type other than adenocarcinoma, and (2) patients had undergone a perioperative or neoadjuvant chemo-or radiotherapy. Each resected specimen had undergone gross sectioning and histological examination by trained and board-certified surgical pathologists. Date of patient death and cause of death were obtained from the Epidemiological Cancer Registry of the state of Schleswig-Holstein, Germany, thereby distinguishing between tumor-related deaths and deaths from other causes. Follow-up data of those patients who were still alive were retrieved from hospital records and general practitioners.
Histology
Tissue specimens were fixed in formalin and embedded in paraffin. Deparaffinized sections were stained with hematoxylin and eosin. Histological re-examination of primary tissue sections was carried out for all cases to assure if inclusion criteria were met. Tumors were classified according to the Laurén classification [9] and re-examined by two surgical pathologists. pTNM stage of all study patients was determined according to the 8th edition of the UICC guidelines [10] .
Tumor budding
Tumor budding was assessed on H&E-stained specimens, following the recommendations of the International Tumor Budding Consensus [11] , which defined budding as "a single tumor cell or a cell cluster of up to 4 tumor cells" [11] . For each patient sample, the H&E slide with the most pronounced tumor budding at the invasion front was identified. Within the chosen slide, ten separate fields were screened using a 10× objective, to identify the tumor budding "hotspot". Employing the "hotspot" approach, tumor buds were counted within one field of a "hotspot" area using a 20× objective lens with a 23 mm eyepiece field number diameter. The tumor bud count was normalized by the factor 1.323 to correspond the standardized field area of 0.785 mm 2 . Tumor budding was evaluated as being absent (Bd0; 0 buds), 1-4 buds (Bd1), 5-9 buds (Bd2), and ≥ 10 buds (Bd3) per standardized field area. Similar to Kemi et al. [12] , we then categorized tumor budding into three groups, i.e., no (Bd0; 0 buds), low (Bd1 and Bd2; < 10 buds) and high tumor budding (Bd3; ≥ 10 buds). We added the Bd0 (no buds) group, which is not part of the International Tumor Budding Consensus, as we consider it as an own group.
Immunohistochemistry
Immunohistochemistry was carried out with monoclonal antibodies directed against CD31 (dilution 1:100; mouse monoclonal antibody; JC70; Cell Marque, California, USA), mucin 2 (dilution 1:100; mouse monoclonal antibody; clone Ccp58; Novocastra; Leica Microsystems GmbH, Wetzlar, Germany), mucin 5 (dilution 1:100; mouse monoclonal antibody; clone 45M1; Thermo Scientific, Schwerte, Germany), and CD10 (dilution 1:10; mouse monoclonal antibody; clone 56C6; Novocastra; Leica Microsystems GmbH, Wetzlar, Germany).
Immunostaining was performed with the autostainer Bond™ Max System (Leica Microsystems GmbH, Wetzlar, Germany): Antigen retrieval was done with ER1 (citrate buffer Bond pH 6.0; CD10), or ER2 (EDTAbuffer Bond pH 9.0; CD31, mucin 2) according to the manufacturer`s instructions. The mucin 5 immunostaining did not necessitate any antigen retrieval. The immunoreaction was visualized with the Bond™ Polymer Refine Detection Kit (DS 9800; brown labeling; Novocastra; Leica Microsystems GmbH, Wetzlar, Germany).
IR immunostaining was carried out manually using a rabbit monoclonal anti-insulin receptor β-antibody (dilution 1:50; clone 4B8; Cell Signaling Technologies, Danvers, USA), which detects both insulin receptor isoforms: deparaffinized tissue sections were boiled in EDTA buffer (pH 9.0; 1 min; 125 °C) and then washed with Tris-buffered saline (TBS), blocked with hydrogen peroxide block (Thermo Fisher Scientific) for 15 min, washed with TBS, and then treated with Ultra V Block (Thermo Fisher Scientific) for 5 min. Immunoreactions were visualized with the ImmPRESS reagent peroxidase universal anti-mouse/ rabbit Ig-MP-7500 and the ImmPact NovaRed peroxidase substrate SK-4805 Kit (Vector Laboratories, Burlingame, CA, USA, respectively). Immunohistochemistry was followed by counterstaining with hematoxylin. Negative controls were generated by omitting the primary antibody. Healthy endometrial tissue specimens (proliferative phase) served as positive controls.
Evaluation of CD31 and IR immunostaining
The CD31-immunostaining served to prove the presence of intratumoral vessels, especially the presence of capillaries, within the respective tumor samples. Cancer vessels were defined as capillaries, arterioles, and venules being surrounded by cancer cells.
Immunostaining of the IR was evaluated according to the modified HistoScore (HScore). The first parameter was based on the intensity of the stained cells. A score of 0 (no evidence of staining), 1 + (weak), and 2 + (strong staining reaction) was applied. The second parameter assessed the percentage of cells showing no (0), weak (1+), or strong (2+) immunostaining. In each case, the percentages add up to 100%: a case lacking any expression of IR would be categorized as 100% negative and a case which showed strong immunostaining of half of the tumor cells and no immunostaining of the reminder would be categorized as 50% negative (0) and 50% strongly positive (2+). Using this approach, intratumoral heterogeneity was readily evident. The entire series was screened and three representative cases were selected for the adjustment of IR 0, IR 1+, and IR 2+ staining intensity (Fig. 1 ). These cases were subsequently used as reference standards for the in-depth evaluation of the entire cohort.
IR immunostaining was evaluated separately for cytoplasmic (cCC-IR) and membranous expression (mCC-IR) in cancer cells, and for endothelial cells of cancer vessels (VIR). Finally, the median HScore served as a cut-off to differentiate between high and low IR expression.
Assessment of mucin phenotype
The classification of the mucin phenotype was done according to Namikawa et al. [13] : We distinguished the gastric (MUC5+ , CD10−, MUC2−), intestinal (MUC5−, CD10+ , MUC2± or MUC5−, CD10−, MUC2+), combined (MUC5+, CD10+, MUC2± or MUC5+ , CD10−, MUC2+), and unclassified type (MUC5−, CD10−, MUC2−).
Assessment of the HER2 status
The HER2 status was assessed as previously described [14] . In brief, a monoclonal anti-Her2/neu antibody (clone 4B5 with a Ventana BenchMark XT automated slide staining system, both Roche Diagnostics GmbH, Mannheim, Germany) was used for immunohistochemistry: the immunostaining intensity was scored ranging from negative (0) to strong (3+). For all GC cases with an immunostaining of 2+ , a silver-enhanced in situ hybridization was performed (HER2-SISH double-labeling in situ hybridization system; Roche Diagnostics GmbH, Mannheim, Germany). If a strong immunostaining (3+) was present in ≥ 10% of the tumor area or a moderate immunostaining (2+) together with an HER2 gene amplification (ratio ≥ 2.0), the sample was classified as HER2 positive.
Statistical analyses
SPSS version 24.0 (IBM Corp., Armonk, NY, USA) was used for statistical analyses. The correlation between non-ordinal clinico-pathological patient characteristics and the VIR status or the CC-IR status was tested with Fisher's exact test. T category, N category, UICC stage, tumor grading, and tumor budding as variables of ordinal scale were tested with Kendall's tau test. Median survival with 95% confidence intervals was determined by the Kaplan-Meier method. Differences between median survivals were tested with the log-rank test. A multivariate survival analysis (Cox regression) was performed. A p value of ≤ 0.05 was considered to be significant. All p values are given uncorrected. To compensate false discovery rate within the correlations, we applied the Siemes (Benjamini-Hochberg) procedure. P values having lost significance are marked. Table 1 summarizes the clinico-pathological patient characteristics of the GC cohort. 467 patients fulfilled all study criteria.
Results
Study population
Immunohistochemistry
IR expression was studied using whole tissue sections.
A weak cytoplasmic immunostaining of tumor cells (cCC-IR 1+) was found in 431 (92.3%) cases and a strong cytoplasmic (cCC-IR 2+) in 254 (54.4%) cases. Immunonegative tumor cells (cCC-IR 0) were found in 364 (78.0%) cases. The percentage area of the three immunostaining cytoplasmic categories, i.e., cCC-IR 0, 1+, and 2+ ranged from 0 (Fig. 1) . 232 (49.7%) GCs were cCC-IR-low and 235 (50.3%) GCs cCC-IR-high. With regard to membranous immunostaining (mCC-IR), a weak staining (mCC-IR 1+) was found in 343 (73.4%) and a strong (mCC-IR 2+) in 322 (69.0%) cases. Immunonegative tumor cells (mCC-IR 0) were found in 457 (97.9%) cases. The percentage area of the three immunostaining membranous categories, i.e., mCC-IR 0, 1+, and 2+ ranged from 0 to 100%, and the combination of the staining categories in each individual case varied: 58 (12.4%) GCs were completely devoid of any mCC-IR expression. Two cases showed 100% mCC-IR 2+. 407 cases showed various combinations of two or three staining intensities. The median HScore for mCC-IR was 40 (range 0-200), and the cohort was dichotomized into mCC-IR-low (HScore < 40) and mCC-IR-high (≥ 40) (Fig. 1) . 239 (51.2%) GCs were mCC-IR-low and 228 (48.8%) mCC-IR-high.
All tumor samples contained tumor capillaries as verified by CD31 immunostaining. We found the insulin receptor to be particularly expressed in the capillaries and only to a lesser extent in arterioles or venules. Vascular insulin receptor expression was always restricted to the cancer site and was never found within adjacent non-neoplastic gastric tissue. A weak immunostaining (VIR 1+) was found in 428 (91.6%) and a strong immunolabeling (VIR 2+) in 361 (77.3%) cases. 14 (3.0%) GCs were VIR 0 despite the presence of CD31-positive endothelial cells. The median HScore was 115 (range 0-200). The cohort was dichotomized into VIR-low (HScore < 115) and VIR-high (≥ 115) (Fig. 1) . 230 (49.3%) GCs were VIR-low and 237 (50.7%) VIR-high.
Collectively, these data show that the expression (= combination of intensity of immunostaining and amount of immunopositive tumor areas) of cCC-IR, mCC-IR, and VIR is heterogeneous in GC including "gray-scale" as well as "black-and-white"-immunostaining patterns.
Correlation of insulin receptor expression in cancer cells and vessels
Expression of VIR, cCC-IR, and mCC-IR were positively associated: VIR-high was synchronously observed with cCC-IR-high in 62.0% (p < 0.001) and with mCC-IR-high in 55.3% (p = 0.005). cCC-IR-high and mCC-IR-high were simultaneously seen in 57.0% (p < 0.001).
Correlation of insulin receptor expression in cancer cells (CC-IR) with clinico-pathological patient characteristics
To explore the putative biological significance of IR expression in GC cells, we correlated cCC-IR and mCC-IR with various clinico-pathological patient characteristics (Table 1) . GC patients with cCC-IR-high were significantly older and had more commonly an intestinal or differentiated phenotype of lower tumor grade. Interestingly, cCC-IR also correlated inversely with tumor budding and perineural invasion (Table 1) .
No other significant associations between either cCC-IR or mCC-IR and clinico-pathological patient characteristics were found.
Correlation of vascular insulin receptor expression (VIR) with clinico-pathological patient characteristics
Next, we explored the putative biological significance of VIR. GCs with VIR-high were significantly more frequently localized at the proximal site and of unclassified phenotype according to Laurén. Interestingly, VIR status also correlated significantly with local tumor growth (T category), UICC stage, vessel invasion (V category), tumor budding, and the mucin phenotype (Table 1) .
HER2 status and the expression of the insulin receptor in gastric cancer
Recently, it was shown that metformin may improve the prognosis that is associated with diabetes and insulin treatment, mainly in patients with primary HER2-positive and hormone receptor-positive breast cancer [15] . Therefore, we were interested to test the hypothesis that the IR status and the HER2 status are linked in GC. Interestingly, HER2-positive GCs were significantly more commonly cCC-IR-high (p = 0.002) and a trend was seen for mCC-IRhigh (p = 0.073). No correlation was found between HER2 and VIR. Areas of cCC-IR-high and HER2 positivity were observed to overlap within the same tumor samples (Fig. 2) .
Survival analysis
The entire GC collective showed a median overall survival (OS) of 14.1 months and a median tumor-specific survival (TSS) of 15.5 months. Patient prognosis significantly depended on the Laurén phenotype, T, N, M, L, V, Pn, and R categories, UICC stage, lymph-node ratio, tumor budding (data not shown), VIR status, and mCC-IR status (Table 1; Fig. 3 ). Patients with VIR-high had a lower OS (12.1 months) and TSS (13.4 months) compared with the VIR-low group (OS: 16.7 months; TSS: 19.9 months), which lost significance after multiple testing (Table 1) . Similarly, GCs with mCC-IR-high showed a median survival of 12.5 months (OS) and 12.8 months (TSS) compared with 17.3 (OS) and 20.3 months (TSS) of the mCC-IR-low group (Table 1) . The correlation between mCC-IR and TSS remained significant after multiple testing (Table 1 ; Fig. 3 ). There was no significant correlation between cCC-IR and patient survival (Table 1) . On multivariate analysis (Table 2) , the VIR status turned out to be an independent prognosticator of overall (p = 0.010; hazard ratio = 1.355) and tumor-specific (p = 0.006; hazard ratio = 1.429) patient survival.
Discussion
Our analysis of a large cohort shows for the first time that GCs express the IR in tumor cells (CC-IR) and endothelial cells of tumor vessels (VIR) and that both, CC-IR and VIR, are biologically relevant: CC-IR and VIR correlated with various clinico-pathological patient characteristics, including patient survival. VIR turned out to be an independent prognosticator of overall and tumor-specific patient survival on multivariate analysis. Interestingly, cCC-IR also correlated with the HER2 status, pointing towards a link between metabolic reprogramming of tumor cells and HER2.
IR was significantly more frequent in intestinal-type GC than in other GC types, such as determined by the Laurén classification and the mucin phenotype. This finding is in line with observations made previously by applying complex gene expression analyses. Using GC cell lines, Tan et al. [16] proposed two different intrinsic subtypes, an intestinal and a diffuse subtype. Genes up-regulated in the intestinal subtype were related to carbohydrate, protein metabolism, and cell adhesion, whereas cell proliferation and fatty acid metabolism were enriched in the diffuse subtype [16] . The significance of intrinsic subtypes was confirmed later-on by gene expression analyses: intestinal-type GCs more frequently showed the proliferative and metabolic gene signature [17] . The IR-expressing GCs of our collective matched several aspects of the proliferative subtype as described by Lei et al. [17] : the associations of IR expression with lower grading categories and higher patient age parallel the proliferative subtype's features. Furthermore, in the proliferative subtype, RAS signaling and not epithelial-mesenchymal transition (EMT) [17] is supposed to be prevalent. This seems to be applicable to the IR-expressing tumor samples of our collective: first, the insulin receptor's proliferative stimuli are known to be conveyed via RAS signaling [4] , especially via its mitogenic isoform IR-A. Second, the morphologic manifestation of EMT [11] is considered to be tumor budding. IR expression was associated with low, but not with high tumor budding, thereby further supporting the notion that IR-expressing GCs rather belong to the proliferative than to the mesenchymal GC subtype. Nevertheless, IR expression was more frequent in samples with low than in samples without tumor budding, which might indicate that EMT might still play a limited role in IR-expressing GCs.
The biological effects of IR were observed to depend on its differential expression in tumor and endothelial cells, which was especially evident with respect to the T category. As VIR was associated with tumor size, we hypothesize that VIR might be involved in neoangiogenesis. This contention is supported by the observation that hypoxia up-regulates IR-expression in bladder cancer [18] , and insulin induces endothelial cell tube formation and migration [19] . Against the background of the significantly diminished survival of VIR-high GC patients as demonstrated by our study, we, therefore, hypothesize that this patient group might benefit from IR-targeted therapies. In a translational medical approach, the drug metformin might prove to be useful in exploiting our findings of IR expression in GC.
Metformin is known to exhibit diverse indirect and direct antitumoral effects and influences a multitude of signaling pathways in cancer [20] . It suppresses IR and IGF1-receptor signaling indirectly by the reduction of the circulating ligands insulin and IGF1 and directly by interfering with the receptors' signaling pathways [20] . Metformin has been shown to reduce the risk of developing GC [21, 22] , to improve survival and to reduce cancer recurrence in GC patients with type 2 diabetes mellitus [23] . It would have been important to know the histological IR expression status of these patients, as diabetic hyperinsulinemic conditions are thought to promote cellular proliferation in cancer via the IR [24] . However, a correlation between diabetes mellitus and IR expression in GC has not been performed until now, and our findings of an association between VIR and worse survival in GC might be valid for non-diabetic patients, as well.
IR expression in GC tumor samples was observed to be heterogeneous, which fits to the concept of subclonal diversity in GC. We, therefore, accounted for tumor heterogeneity by applying a histology score, which enabled us to dichotomize between GC with predominantly elevated and GC with predominantly decreased IR expression. Tumor heterogeneity in GC has to be considered, as dominant cancer cell clones will eventually determine the clinical fate of the individual cancer patient-especially in the context of resistance to immunochemotherapy and the management thereof. In terms of potential therapeutic implications, the significant correlation between cCC-IR and the HER2 status is highly intriguing: Upon IR stimulation, the activated IR is known to internalize from the cell surface, thereby resulting in cCC-IR [25] . Zhang et al. previously described a link between IR stimulation and resistance of HER2-positive GC against HER2-targeted therapy in vitro [26] . We, therefore, hypothesize that especially cCC-IR-positive GC patients with concomitant HER2 positivity might represent a new patient group, which could particularly benefit from metformin treatment. Highly encouraging in this respect are auxiliary findings in breast cancer: diabetic HER2-positive hormone receptor-positive breast cancer patients on metformin medication had an improved outcome under anti-HER2 therapy in a clinical trial [27] and in a retrospective study even without any specific anti-HER2 treatment [15] . The authors suspect an involvement of the IR/IGF1-receptor axis [15] .
Summing up, we show that VIR and CC-IR are frequently expressed in GC. The expression is biologically significant and even correlates with the HER2 status, opening avenues for novel putative therapeutic interventions in GC.
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